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ALT

:   alanine aminotransferase

AST

:   aspartate aminotransferase

cccDNA

:   covalently closed circular DNA

CD

:   cluster of differentiation

CHB

:   chronic hepatitis B

ETV

:   entecavir

GGT

:   gamma‐glutamyl transferase

HBsAg

:   hepatitis B virus surface antigen

HBV

:   hepatitis B virus

HCC

:   hepatocellular carcinoma

IFN

:   interferon

ISG

:   interferon‐stimulated gene

LPS

:   lipopolysaccharide

NK

:   natural killer

PAPD5/7

:   poly(A) RNA polymerase‐associated domain‐containing protein 5/7

PBMC

:   peripheral blood mononuclear cell

PEG‐IFN

:   pegylated interferon

pgRNA

:   pregenomic RNA

uPA‐SCID

:   urokinase‐type plasminogen activator/severe combined immunodeficiency

WHcAg

:   woodchuck hepatitis virus nucleocapsid antigen

WHsAg

:   woodchuck hepatitis virus surface antigen

WHV

:   woodchuck hepatitis virus

wIFN‐α

:   woodchuck interferon‐alpha

Approximately 257 million individuals worldwide are chronically infected with the hepatitis B virus (HBV), and over 880,000 people die each year due to HBV‐associated liver conditions, such as cirrhosis and hepatocellular carcinoma (HCC).^(^ [^1^](#hep41502-bib-0001){ref-type="ref"} ^)^ The goal of any new therapy is to achieve sustained loss of HBV surface antigen (HBsAg) when treatment is discontinued; this is also defined as a "functional cure".^(^ [^2^](#hep41502-bib-0002){ref-type="ref"} ^)^ Current treatment options for chronic HBV infection include nucleos(t)ides (e.g., entecavir \[ETV\]) and interferon (IFN) (e.g., pegylated IFN \[PEG‐IFN\]), but both have a very low cure rate.^(^ [^2^](#hep41502-bib-0002){ref-type="ref"} ^)^ The cure rate is higher for patients who undergo treatment with a combination of nucleos(t)ide and PEG‐IFN, although it is still limited to less than 10% of patients.^(^ [^2^](#hep41502-bib-0002){ref-type="ref"}, [^3^](#hep41502-bib-0003){ref-type="ref"} ^)^ Therefore, novel therapies are needed that can be incorporated into new therapeutic strategies with finite treatment duration to increase the HBV cure rate.

In chronic HBV infection, continuous exposure to viral proteins, such as HBsAg in the periphery and liver, is thought to contribute to the exhaustion of antiviral cluster of differentiation (CD)8+ T cells.^(^ [^4^](#hep41502-bib-0004){ref-type="ref"}, [^5^](#hep41502-bib-0005){ref-type="ref"} ^)^ Furthermore, several lines of evidence suggest that viral proteins influence virus‐specific immunity by directly modulating immune cells in both the innate and adaptive arms of the immune system.^(^ [^6^](#hep41502-bib-0006){ref-type="ref"}, [^7^](#hep41502-bib-0007){ref-type="ref"}, [^8^](#hep41502-bib-0008){ref-type="ref"} ^)^ These studies are further supported by observations demonstrating that HBV interferes with innate antiviral immune responses in patients with chronic HBV infection.^(^ [^9^](#hep41502-bib-0009){ref-type="ref"} ^)^ Therefore, future HBV cure strategies may need to include therapeutic agents that reduce or eliminate viral antigens, such as HBsAg, to restore antiviral immunity and control HBV infection. Although the current potent nucleos(t)ide replication inhibitors are expected to remain the backbone of future therapy, this class of inhibitors does not reduce the HBsAg levels sufficiently.

Effective treatment of viral diseases involves the combination of multiple therapeutic strategies targeting various key steps in the viral replication cycle.^(^ [^10^](#hep41502-bib-0010){ref-type="ref"} ^)^ These combination strategies have proven to be more efficient and effective than monotherapy for treatment of chronic viral diseases, such as infections with human immunodeficiency virus and hepatitis C virus. Similarly, an effective HBV cure may involve a combination of antiviral drugs and immunomodulators to further improve antiviral immunity and control viral infection.^(^ [^11^](#hep41502-bib-0011){ref-type="ref"}, [^12^](#hep41502-bib-0012){ref-type="ref"} ^)^

We recently reported a novel, orally available, small‐molecule HBV expression inhibitor, RG7834, that significantly reduces HBV DNA and HBsAg levels in both *in vitro* and *in vivo* models of chronic HBV infection.^(^ [^13^](#hep41502-bib-0013){ref-type="ref"}, [^14^](#hep41502-bib-0014){ref-type="ref"} ^)^ Another group has also described a structurally similar molecule that reduces HBV expression levels.^(^ [^15^](#hep41502-bib-0015){ref-type="ref"} ^)^ RG7834 was shown to reduce viral messenger RNA and to accelerate RNA degradation by targeting the host proteins noncanonical poly(A) RNA polymerase‐associated domain‐containing protein 5 and 7 (PAPD5 and PAPD7).^(^ [^16^](#hep41502-bib-0016){ref-type="ref"} ^)^ Both PAPD5 and PAPD7 are essential host components that are required for HBV RNA stabilization.

Infection of woodchucks with woodchuck hepatitis virus (WHV) is a well‐established immunocompetent model of chronic HBV infection.^(^ [^17^](#hep41502-bib-0017){ref-type="ref"} ^)^ The woodchuck PAPD5 and PAPD7 amino acid sequences are highly similar to those of their human counterparts, suggesting that RG7834 may also be active against WHV.^(^ [^16^](#hep41502-bib-0016){ref-type="ref"} ^)^ Previous studies in this model have shown that monotherapy or combination therapies that include immunomodulators improve WHV‐specific B‐cell and T‐cell responses, leading to sustained control of WHV infection.^(^ [^18^](#hep41502-bib-0018){ref-type="ref"}, [^19^](#hep41502-bib-0019){ref-type="ref"}, [^20^](#hep41502-bib-0020){ref-type="ref"} ^)^ Furthermore, treatment with woodchuck IFN‐α (wIFN‐α) reduces viral markers in the serum and liver, with viral rebound typically observed following cessation of treatment.^(^ [^21^](#hep41502-bib-0021){ref-type="ref"} ^)^ In the current study, we investigated antiviral and immunomodulatory therapeutic strategies with the potential to cure chronic WHV infection in woodchucks. We evaluated the potency of RG7834 alone and in combination with the nucleoside inhibitor ETV and the immunomodulator wIFN‐α in woodchucks chronically infected with WHV. RG7834 reduced viral DNA and WHV surface antigen (WHsAg) to a degree similar to that observed for HBV in the urokinase‐type plasminogen activator/severe combined immunodeficiency (uPA‐SCID) humanized mouse model.^(^ [^13^](#hep41502-bib-0013){ref-type="ref"} ^)^ Combination treatments reduced WHV DNA and especially WHsAg levels more than RG7834 or ETV alone. The reduction in WHsAg levels correlated with elevated WHV T‐cell‐specific proliferation in the periphery, although a sustained antiviral response was not achieved.

Materials and Methods {#hep41502-sec-0002}
=====================

Investigational Drugs {#hep41502-sec-0003}
---------------------

RG7834 and ETV were manufactured by F. Hoffmann‐La Roche, Ltd., and provided as a powder. The drugs were dissolved in ultrapure water, mixed with woodchuck diet (Dyets, Inc., Bethlehem, PA), and orally administered to woodchucks within 30 minutes after preparation. wIFN‐α was manufactured by F. Hoffmann‐La Roche, Ltd., and provided as a frozen aqueous solution; this is the same protein formulation used in a previous study.^(^ [^21^](#hep41502-bib-0021){ref-type="ref"} ^)^ The wIFN‐α was thawed on ice and brought to room temperature before subcutaneous administration to woodchucks.

Drug Treatment {#hep41502-sec-0004}
--------------

The animal protocol and all procedures involving woodchucks were approved by the Institutional Animal Care and Use Committee of Georgetown University. Woodchucks received humane care as outlined in the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Woodchucks enrolled in the study were born in captivity at the animal facilities of Northeastern Wildlife, Inc. (Harrison, ID) and experimentally infected at 3 days of age with WHV. Following transfer to the animal facilities of Georgetown University, adult woodchucks with chronic WHV infection were confirmed positive for serum WHV DNA and WHsAg and negative for antibodies to WHsAg. Most animals had low levels of gamma‐glutamyl transferase (GGT), an established oncofetal marker of HCC in woodchucks,^(^ [^22^](#hep41502-bib-0022){ref-type="ref"} ^)^ and the absence of liver tumors was confirmed by ultrasonography. Woodchucks were assigned to six treatment groups (n = 4‐5/group; Fig. [1](#hep41502-fig-0001){ref-type="fig"}), stratified by sex, body weight, pretreatment serum WHV DNA and WHsAg loads, and serum GGT activity. Woodchucks of the monotherapy and combination therapy groups were treated for 14 weeks with ETV (0.1 mg/kg orally, once daily), RG7834 (10 mg/kg orally, twice daily), and/or wIFN‐α (0.1 mg/animal subcutaneously, initially 3 times per week and then twice per week after a 16‐day dose holiday due to the development of IFN‐related adverse events). Woodchucks were followed until the end of the study at week 24. Due to limited availability of woodchucks with established chronic WHV infection, we were unable to include groups treated with a vehicle control or wIFN‐α alone.

![Woodchuck study design. Woodchucks chronically infected with WHV were dosed with RG7834 (10 mg/kg orally, twice per day) either alone or in combination with ETV (0.1 mg/kg orally, once daily) and/or wIFN (0.1 mg subcutaneous administration, 3 times/week \[weeks 0 to 4\], no treatment \[weeks 4 to 6\], and twice weekly \[weeks 6 to 14\]) for 14 weeks and followed up for another 10 weeks. The approximately 2‐week wIFN treatment interruption was due to observed IFN‐related adverse events that dissipated by switching to twice weekly dosing. Arrows indicate the time of measurements for specific parameters listed.](HEP4-4-916-g001){#hep41502-fig-0001}

Drug Safety and Mortality {#hep41502-sec-0005}
-------------------------

Clinical observations were made daily, and measurements for body weight and body temperature were obtained weekly. Clinical chemistry and hematology parameters were determined at regular intervals in serum and whole‐blood samples, respectively, at the Animal Health Diagnostic Center of Cornell University (Ithaca, NY). No mortality associated with ETV, RG7834, and/or wIFN‐α treatment was observed. Three animals died during the treatment period: Woodchuck M4033 (ETV group) was found dead during week 8, and death was attributed to end‐stage HCC; woodchuck F4043 (ETV + wIFN group) experienced severe complications following the anesthesia procedure in week 2 and died shortly thereafter; woodchuck F4052 (RG7834 + ETV + wIFN group) died due to uncontrollable internal hemorrhage after the liver biopsy procedure in week 14. In addition, woodchucks F4029 and M4019 were euthanized during weeks 20 and 23, respectively, due to the development of liver tumors/HCC.

Viral and Host Biomarkers {#hep41502-sec-0006}
-------------------------

Please refer to supplementary materials and methods for details of methods for determining serum WHV DNA and WHsAg and liver WHV RNA, DNA and cccDNA. Induction of IFN‐stimulated genes (ISGs) in PBMCs was determined by using RT‐PCR as described in supplementary materials and methods.

Results {#hep41502-sec-0007}
=======

Study Design {#hep41502-sec-0008}
------------

The antiviral efficacy of RG7834 either alone or in combination with wIFN‐α and/or ETV was evaluated in a repeat‐dose study in adult woodchucks with established chronic WHV infection (Fig. [1](#hep41502-fig-0001){ref-type="fig"}).

Twenty‐seven WHV‐infected woodchucks were stratified and assigned to treatment with ETV (n = 5), RG7834 (n = 4), RG7834 + ETV (n = 5), ETV + wIFN‐α (n = 4), RG7834 + wIFN‐α (n = 4), or RG7834 + ETV + wIFN‐α (n = 5) (Fig. [1](#hep41502-fig-0001){ref-type="fig"}). The oral dosage of RG7834, 10 mg/kg twice daily, was selected to match the exposure used in previous preclinical studies performed in the HBV‐infected uPA‐SCID mouse model,^(^ [^13^](#hep41502-bib-0013){ref-type="ref"} ^)^ and pharmacokinetic sampling was performed throughout the study to confirm that the exposure was similar to or higher than that in the uPA‐SCID mice (data not shown). The dosages of wIFN‐α and ETV were initially selected as subcutaneous injections of 0.1 mg/animal wIFN‐α 3 times weekly and oral ETV 0.1 mg/kg daily, based on reported studies.^(^ [^20^](#hep41502-bib-0020){ref-type="ref"}, [^21^](#hep41502-bib-0021){ref-type="ref"} ^)^ In line with a previous study,^(^ [^21^](#hep41502-bib-0021){ref-type="ref"} ^)^ wIFN‐α induced the expression of IFN‐stimulated genes (ISGs) in peripheral blood mononuclear cells (PBMCs) isolated from wIFN‐α‐treated woodchucks after the first dose, and the expression was similar in all woodchucks treated with wIFN‐α (Fig. [2](#hep41502-fig-0002){ref-type="fig"}) but not present in animals from the other treatment groups. However, due to observed IFN‐related adverse events, including anemia, neutropenia, and thrombocytopenia, wIFN‐α treatment was interrupted for approximately 2 weeks, followed by a reduction of the wIFN‐α dosing frequency from 3 times weekly to twice weekly for the remainder of the dosing period. Dosing of both RG7834 and ETV was uninterrupted throughout the 14‐week dosing period.

![Induction of PBMC ISG expression by RG7834 alone and in combination therapy. Kinetics of ISG (ISG15, MX1, CXCL10, and USP18) gene expressions were measured by reverse‐transcription polymerase chain reaction prior to (0 hours) and 6, 12, and 24 hours postsubcutaneous injection of the first wIFN dose. Fold‐change values were calculated relative to baseline (0 hours). Data show mean + SEM. Abbreviations: CXCL10, chemokine (C‐X‐C motif) ligand 10; h, hour; MX1, MX dynamin‐like guanosine triphosphatase 1; USP18, ubiquitin specific peptidase 18.](HEP4-4-916-g002){#hep41502-fig-0002}

RG7834 Alone and in Combination With wIFN‐α and/or ETV Significantly Reduces Serum WHV DNA and WHsAg Levels {#hep41502-sec-0009}
-----------------------------------------------------------------------------------------------------------

RG7834 reduced serum viral DNA and WHsAg by a mean of 1.71 log~10~ and 2.57 log~10~, respectively, from baseline to the end of treatment at week 14 (Table [1](#hep41502-tbl-0001){ref-type="table"}). In comparison, ETV reduced WHV DNA and WHsAg levels by 6.63 log~10~ and 2.23 log~10~, respectively. The combination of RG7834 and ETV reduced WHsAg levels by a mean of 3.42 log~10~, a more profound decrease than seen with either drug alone, whereas the DNA level was reduced by 6.62 log~10~, similar to that with ETV alone. The addition of wIFN‐α to either ETV or RG7834 did not significantly enhance the antiviral potency compared with RG7834 or ETV alone. However, the triple combination of RG7834, ETV, and wIFN‐α profoundly reduced WHV DNA and WHsAg levels by 7.46 log~10~ and 5.00 log~10~, respectively.

###### 

Antiviral Activity and Effect on Albumin Levels of RG7834 Alone and in Combination With ETV and/or wIFN in Woodchucks Chronically Infected With WHV

  Group                 WHV DNA                                                WHsAg                                                  Albumin
  --------------------- ------------------------------------------------------ ------------------------------------------------------ -------------------------------------------------------
  ETV                   −6.63 ± 0.25[\*](#hep41502-note-0005){ref-type="fn"}   −2.23 ± 0.51[\*](#hep41502-note-0005){ref-type="fn"}   −0.51 ± 0.13[^†^](#hep41502-note-0006){ref-type="fn"}
  RG7834                −1.71 ± 0.25[\*](#hep41502-note-0005){ref-type="fn"}   −2.57 ± 0.51[\*](#hep41502-note-0005){ref-type="fn"}   −0.58 ± 0.14[^†^](#hep41502-note-0006){ref-type="fn"}
  RG7834 + ETV          −6.62 ± 0.22[\*](#hep41502-note-0005){ref-type="fn"}   −3.42 ± 0.45[\*](#hep41502-note-0005){ref-type="fn"}   −0.38 ± 0.12[^†^](#hep41502-note-0006){ref-type="fn"}
  ETV + wIFN            −6.70 ± 0.29[\*](#hep41502-note-0005){ref-type="fn"}   −2.40 ± 0.59[\*](#hep41502-note-0005){ref-type="fn"}   −1.17 ± 0.15[\*](#hep41502-note-0005){ref-type="fn"}
  RG7834 + wIFN         −2.32 ± 0.25[\*](#hep41502-note-0005){ref-type="fn"}   −2.65 ± 0.51[\*](#hep41502-note-0005){ref-type="fn"}   −0.80 ± 0.14 [\*](#hep41502-note-0005){ref-type="fn"}
  RG7834 + ETV + wIFN   −7.46 ± 0.22[\*](#hep41502-note-0005){ref-type="fn"}   −5.00 ± 0.45[\*](#hep41502-note-0005){ref-type="fn"}   −0.68 ± 0.12[\*](#hep41502-note-0005){ref-type="fn"}

Mean log~10~ reduction values ± SEM from all animals during treatment period (week 14 vs. week 0) are shown. *P* values were adjusted for multiple testing for each parameter separately, using Holm\'s method.

*P* \< 0.001;

*P* \< 0.01.

John Wiley & Sons, Ltd

The kinetics of the antiviral responses were notably different for the RG7834 treatment groups than for the groups treated without RG7834 (Figs. [3](#hep41502-fig-0003){ref-type="fig"} and [4](#hep41502-fig-0004){ref-type="fig"}). Time to reach a reduction of WHV DNA and WHsAg by a mean 1.5 log~10~ from baseline is shown in Supporting Fig. [S1](#hep41502-sup-0001){ref-type="supplementary-material"}. RG7834 reduced WHsAg from baseline in a mean of 20 days after treatment compared with a mean of 76 days for the ETV group. In contrast, ETV reduced WHV DNA more quickly than RG7834 (means of 6 and 11 days, respectively). The kinetics of the initial antiviral responses for ETV + wIFN‐α were similar to those of ETV for both WHV DNA and WHsAg. However, the responses were fastest for the triple combination (means of 3 and 6 days for WHV DNA and WHsAg, respectively).

![Effect of RG7834 and ETV alone and in combination therapy on serum WHV DNA levels. Kinetics of WHV DNA load from individual woodchucks was measured by dot blot hybridization or quantitative polymerase chain reaction at the indicated time points. Abbreviation: Ge, genome equivalents.](HEP4-4-916-g003){#hep41502-fig-0003}

![Effect of RG7834 and ETV alone and in combination therapy on serum WHsAg levels. Kinetics of WHsAg load from individual woodchucks was measured at the indicated time points by enzyme‐linked immunosorbent assay.](HEP4-4-916-g004){#hep41502-fig-0004}

To monitor the durability of the antiviral response, we measured viral parameters for another 10 weeks following the cessation of treatment. Both WHV DNA and WHsAg rebounded in all treatment groups, and the relapse was comparable among the treatment regimens (Figs. [3](#hep41502-fig-0003){ref-type="fig"} and [4](#hep41502-fig-0004){ref-type="fig"}). Consistent with this observation, we did not detect anti‐WHsAg antibodies throughout the treatment and follow‐up periods (data not shown). In line with the results of a previous study in the uPA‐SCID mouse model, the antiviral activity of RG7834 specifically reduced WHsAg more than ETV (Fig. [4](#hep41502-fig-0004){ref-type="fig"}) and levels of serum albumin were not significantly modulated when compared to ETV (Supporting Fig. [S2](#hep41502-sup-0002){ref-type="supplementary-material"}).^(^ [^13^](#hep41502-bib-0013){ref-type="ref"} ^)^ In addition, serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and sorbitol dehydrogenase (SDH) levels were not significantly modulated in any group during the treatment period (Supporting Figs. [\[Link\]](#hep41502-sup-0003){ref-type="supplementary-material"}, [\[Link\]](#hep41502-sup-0004){ref-type="supplementary-material"}, [\[Link\]](#hep41502-sup-0005){ref-type="supplementary-material"}).

Combination Therapy Transiently Reduces Intrahepatic Viral DNA, RNA, and Covalently Closed Circular DNA Levels {#hep41502-sec-0010}
--------------------------------------------------------------------------------------------------------------

To monitor changes of intrahepatic viral markers, we performed sequential biopsies at baseline (weeks --6 and 0), on treatment (weeks 6 and 14), and during the off‐treatment follow‐up (weeks 20 and 24). There were no significant changes to intrahepatic viral DNA levels in the groups treated with RG7834 or RG7834 + wIFN‐α (Fig. [5](#hep41502-fig-0005){ref-type="fig"}). In contrast, all groups treated with ETV, whether alone or in combination, had significantly reduced viral intracellular DNA on week 14.

![Effect of RG7834 and ETV alone and in combination therapy on intrahepatic WHV DNA and WHV RNA levels. Changes in mean WHV DNA load (black line, left axis) and mean WHV RNA levels (blue line, right axis) were measured by Southern and northern hybridization, respectively, and are shown for the various treatment groups. Data show single data points or mean ± SEM; \*\*\**P* \< 0.001 compared to week 0.](HEP4-4-916-g005){#hep41502-fig-0005}

Although total intracellular viral RNAs were reduced from baseline in the group treated with RG7834 alone, these changes were not statistically significant. Furthermore, intrahepatic WHV pregenomic RNA (pgRNA) and WHsAg RNA molecules were separately analyzed for individual animals (Supporting Figs. [S2](#hep41502-sup-0002){ref-type="supplementary-material"} and [S3](#hep41502-sup-0003){ref-type="supplementary-material"}). Animals treated with RG7834 alone showed reduction in WHsAg RNA levels during treatment without impacting pgRNA levels. ETV also did not induce significant changes to total intracellular viral RNA levels, but the reduction levels were more profound for pgRNA compared to WHsAg RNA. However, the groups treated with drug combinations tended to have reduced viral RNA levels, and the triple combination group exhibited a significant reduction in total viral RNAs, including both pgRNA and WHsAg RNA.

Next, we measured intrahepatic covalently closed circular DNA (cccDNA) levels (Fig. [6](#hep41502-fig-0006){ref-type="fig"}). RG7834 alone or in combination with wIFN‐α had no impact on the hepatic WHV cccDNA pool. In contrast, ETV either alone and more so in combination with RG7834 and/or wIFN‐α reduced the cccDNA pool significantly by the end of the treatment period. Consistent with its effects on the other parameters tested, the triple combination treatment had the strongest effect on cccDNA levels during the treatment period. Thus, the triple combination treatment significantly reduced intrahepatic viral DNA, RNA, and cccDNA levels. However, these changes were transient in nature, and all parameters returned to baseline levels following the cessation of treatment.

![Effect of RG7834 and ETV alone and in combination therapy on intrahepatic WHV cccDNA levels. Percentage changes in mean intrahepatic WHV cccDNA levels were measured by Southern hybridization and are shown for the various treatment groups. Data show single data points or mean ± SEM; \*\*\**P* \< 0.001 compared to week 0.](HEP4-4-916-g006){#hep41502-fig-0006}

The Combination of RG7834, ETV, and wIFN‐α Transiently Improves Virus‐Specific Cellular Immune Responses {#hep41502-sec-0011}
--------------------------------------------------------------------------------------------------------

To evaluate WHV‐specific T‐cell responses, we used a modified PBMC proliferation assay, as described.^(^ [^23^](#hep41502-bib-0023){ref-type="ref"} ^)^ We investigated the response of woodchuck PBMCs to peptides covering the entire WHV nucleocapsid antigen (WHcAg) or WHsAg. RG7834 or ETV alone had no significant impact on PBMC proliferation. However, we observed a trend toward increased PBMC proliferation and decreased viral WHsAg in the combination groups by week 14 (Fig. [7A](#hep41502-fig-0007){ref-type="fig"}). Although the changes were not statistically significant for most of the groups, PBMC proliferation significantly increased in the triple combination group. Interestingly, the increase in PBMC proliferation was inversely correlated with WHsAg levels, and the levels of proliferation returned to baseline in all of the combination groups after the cessation of treatment. As a no‐peptide control, we showed that PBMCs stimulated with lipopolysaccharide (LPS) instead of WHV‐specific peptides were not significantly affected by any treatment in our study (Supporting Fig. [S8](#hep41502-sup-0008){ref-type="supplementary-material"}). Altogether, the triple combination group had a higher degree of WHsAg reduction than the other groups and a pronounced increase in PBMC proliferation in response to stimulation with either viral antigen.

![Effects of treatment and correlation of viral and host parameters. (A) Effect of RG7834 and ETV alone and in combination therapy on the kinetics of serum WHsAg levels and viral antigen‐specific proliferation of PBMCs. Changes in mean serum WHsAg levels (gray line, left axis) are shown for the various treatment groups. PBMCs were stimulated with WHsAg‐ or WHcAg‐derived peptides, and proliferation was measured by the amount of adenosine triphosphate present in cells (blue lines, right axis). Mean fold‐change values compared to medium control stimulation are shown. Data show mean ± SD. \**P* \< 0.001 compared to week −6. \*\*\**P* \< 0.001 for both WHsAg peptide and WHcAg peptide. (B) Correlation of viral and host parameters measured in all treated woodchucks. Pairwise Pearson correlations were calculated from pooled time points from all treated animals in the study. Positive correlations are marked green and negative ones red (range from −1 to +1). PBMCs were stimulated with WHsAg‐ and WHcAg‐derived peptides and with LPS as a no‐peptide control. (C) Correlation of WHsAg decline and PBMC proliferation in all treated woodchucks. WHsAg log reduction values and PBMC proliferation changes after stimulation with WHsAg‐ and WHcAg‐derived peptides (left and middle panels, respectively) and with LPS as a no‐peptide control (right panel) were determined based on values from week 14 and week −6. Pearson correlations were calculated, and values are indicated in the figure.](HEP4-4-916-g007){#hep41502-fig-0007}

WHsAg Levels Inversely Correlate With WHV Antigen‐Specific Proliferation of PBMCs {#hep41502-sec-0012}
---------------------------------------------------------------------------------

To investigate whether any variables in our study were correlated, we used pairwise Pearson correlation analyses on variable levels in individual animals from each group (Fig. [7B](#hep41502-fig-0007){ref-type="fig"}). Our analysis suggested a weak negative correlation for WHV DNA levels and PBMC proliferation in response to stimulation with WHsAg‐ (--0.26) and WHcAg‐derived peptides (--0.24). In contrast, we observed a strong negative correlation for WHsAg levels and PBMC proliferation in response to WHsAg (--0.45) and WHcAg‐derived peptides (--0.43). As expected, PBMCs stimulated with LPS instead of WHV‐specific peptides did not show a significant correlation with WHsAg or WHV DNA levels (0.0 and 0.03, respectively). Furthermore, although PBMC proliferation after stimulation with WHsAg‐derived peptides was positively correlated with that after stimulation with WHcAg‐derived peptides (0.88), there were no significant associations between unstimulated PBMC and WHsAg‐ or WHcAg‐stimulated PBMC proliferation (0.14 and 0.18, respectively). Furthermore, this correlation was also shown at the individual animal level (Fig. [7C](#hep41502-fig-0007){ref-type="fig"}). Taking these findings together, our analysis suggests a strong negative correlation between WHsAg levels and virus‐specific cellular immunity in chronically infected woodchucks.

Discussion {#hep41502-sec-0013}
==========

In our study, combining RG7834 with both wIFN‐α and ETV enhanced its efficacy in chronically WHV‐infected woodchucks. We showed a faster response and more profound suppression of viral parameters in serum and liver with the triple combination regimen than with any other regimen. However, despite marked suppression of WHsAg and WHV DNA (5.00 log~10~ and 7.46 log~10~, respectively) for 14 weeks, both viral parameters returned to baseline after the cessation of treatment. Thus, there was no functional cure induced in this study. Interestingly, we found that reduced WHsAg levels resulted in enhanced virus‐specific T‐cell responses. However, the magnitudes and/or durations of the induced cellular responses were not sufficient to control the WHV infection.

ETV therapy has shown histologic, virologic, and biochemical benefit in patients with chronic hepatitis B (CHB).^(^ [^24^](#hep41502-bib-0024){ref-type="ref"} ^)^ ETV is a guanosine nucleoside analogue that potently inhibits HBV DNA polymerase, leading to suppression of HBV replication.^(^ [^25^](#hep41502-bib-0025){ref-type="ref"} ^)^ However, ETV does not significantly modulate HBV proteins or cccDNA levels in uPA‐SCID mice at the selected dose.^(^ [^13^](#hep41502-bib-0013){ref-type="ref"} ^)^ By contrast, ETV has been shown in multiple studies to reduce both WHV DNA and WHsAg levels in WHV‐infected woodchucks when using a relatively high dose.^(^ [^20^](#hep41502-bib-0020){ref-type="ref"}, [^26^](#hep41502-bib-0026){ref-type="ref"} ^)^ Other nucleoside analogues, including telbivudine (a thymidine nucleoside analogue) and clevudine (a fluorinated l‐arabinofuranosyl nucleoside analogue), also reduce WHsAg levels in WHV‐infected woodchucks, especially at high doses and/or during prolonged treatment.^(^ [^27^](#hep41502-bib-0027){ref-type="ref"} ^)^ In line with these studies, ETV also reduced WHV DNA and WHsAg as well as intrahepatic viral DNA and cccDNA levels in our study. These observations may signify differences in antiviral effects among replication cycles of hepadnaviruses. For example, it is possible that the WHV cccDNA pool in woodchuck hepatocytes is more sensitive to ETV treatment than HBV cccDNA is in human hepatocytes in the uPA‐SCID mouse model because it may require more replenishment by viral replication to support persistent infection. In this scenario, potent inhibitors of viral polymerase, such as ETV in our study, would prevent adequate replenishment of the WHV cccDNA pool, leading to a significant reduction of cccDNA and other viral markers over time.

IFN‐α is a pleiotropic cytokine that has both direct antiviral and immunomodulatory properties.^(^ [^28^](#hep41502-bib-0028){ref-type="ref"} ^)^ IFN‐α has been used to treat patients with HBV, but it generates a sustained response in only a minority of patients. Previous studies in chronically WHV‐infected woodchucks showed that wIFN‐α reduces both WHV DNA and WHsAg, and the degree of antiviral response shows similarities to the responses observed in patients with CHB treated with PEG‐IFN.^(^ [^3^](#hep41502-bib-0003){ref-type="ref"}, [^21^](#hep41502-bib-0021){ref-type="ref"} ^)^ Several studies have indicated that IFN‐α induces a direct antiviral response to HBV.^(^ [^29^](#hep41502-bib-0029){ref-type="ref"}, [^30^](#hep41502-bib-0030){ref-type="ref"}, [^31^](#hep41502-bib-0031){ref-type="ref"}, [^32^](#hep41502-bib-0032){ref-type="ref"}, [^33^](#hep41502-bib-0033){ref-type="ref"}, [^34^](#hep41502-bib-0034){ref-type="ref"} ^)^ Consistent with this, we and others have shown direct antiviral activity of IFN‐α in HBV‐infected uPA‐SCID mice, which lack immune cells.^(^ [^13^](#hep41502-bib-0013){ref-type="ref"}, [^35^](#hep41502-bib-0035){ref-type="ref"} ^)^ In the current study, wIFN‐α induced the expression of ISGs in PBMCs (Fig. [2](#hep41502-fig-0002){ref-type="fig"}), many of which may also have antiviral effector functions.^(^ [^28^](#hep41502-bib-0028){ref-type="ref"} ^)^ wIFN‐α treatment further complemented the antiviral activity of ETV and RG7834 to produce stronger antiviral responses. Similarly, combination treatment with RG7834, ETV, and PEG‐IFN in HBV‐infected uPA‐SCID mice produced a larger reduction in HBV DNA and HBsAg than RG7834 with or without ETV.^(^ [^13^](#hep41502-bib-0013){ref-type="ref"} ^)^ Thus, it is possible that most if not all wIFN‐α responses in our study are due to the direct antiviral activity of IFN‐α. Although IFN‐α has been reported to activate the functional responses of immune cells from both the innate and adaptive arms of the immune system, such as natural killer (NK) cells and CD8+ T cells,^(^ [^36^](#hep41502-bib-0036){ref-type="ref"} ^)^ other studies have demonstrated that IFN‐α treatment improves the number and function of NK cells but does not improve the functional responses of HBV‐specific CD8+ T cells.^(^ [^37^](#hep41502-bib-0037){ref-type="ref"}, [^38^](#hep41502-bib-0038){ref-type="ref"} ^)^ Furthermore, CD8+ T cells in chronic HBV infection were shown to up‐regulate a death receptor that makes them susceptible to NK cell‐mediated deletion.^(^ [^39^](#hep41502-bib-0039){ref-type="ref"} ^)^ Taken together, these findings make it unlikely that the improved cellular antigen‐specific responses in the triple combination group of our study were due to the immunomodulatory effect of wIFN‐α.

Multiple lines of evidence suggest that dominant viral antigens may interfere with viral‐specific immune responses in CHB. Continuous exposure of T cells to excessive viral antigens has been suggested to contribute to anti‐viral CD8+ T‐cell exhaustion in chronic viral infection, and the degree of T‐cell dysfunction is related to the level of viral replication.^(^ [^40^](#hep41502-bib-0040){ref-type="ref"}, [^41^](#hep41502-bib-0041){ref-type="ref"} ^)^ Furthermore, effective intrahepatic CD8+ T‐cell immune responses are only generated in mouse if the cells are exposed to hepatocytes expressing low levels of antigen.^(^ [^5^](#hep41502-bib-0005){ref-type="ref"} ^)^ In line with these concepts, a profound reduction of WHsAg levels in our study resulted in significant improvement of WHcAg‐ and WHsAg‐specific T‐cell responses. Further supporting this relationship, we also showed an inverse relationship between WHsAg levels and T‐cell responses from all the animals in our study, suggesting that a reduction in WHsAg improved the T‐cell response, as noted in the triple combination group (Fig. [7B](#hep41502-fig-0007){ref-type="fig"}). Nonetheless, the strength and/or duration of the T‐cell responses were not sufficient to durably control WHV infection after cessation of treatment. Notably, we did not observe a significant relationship between improved T‐cell responses and elevated peripheral woodchuck ALT, AST, and SDH, which are sensitive markers of hepatocyte damage associated with immune clearance of HBV^(^ [^42^](#hep41502-bib-0042){ref-type="ref"} ^)^ (Supporting Figs. [\[Link\]](#hep41502-sup-0003){ref-type="supplementary-material"}, [\[Link\]](#hep41502-sup-0004){ref-type="supplementary-material"}, [\[Link\]](#hep41502-sup-0005){ref-type="supplementary-material"}); this indicates that the T‐cell response was not sufficiently potent to clear WHV‐infected hepatocytes. It is unclear to what extent the existing virus‐specific T cells can be reinvigorated following the reduction of viral antigens. As an example, in a mouse model of chronic lymphocytic choriomeningitis virus (LCMV) infection, LCMV‐specific T cells transferred from an infected animal to a naive uninfected animal failed to persist.^(^ [^43^](#hep41502-bib-0043){ref-type="ref"} ^)^ Nonetheless, the PBMC proliferation assay used in our study may not have had sufficient sensitivity and was unable to differentiate between CD4+ and CD8+ T cells; thus, additional experiments are needed to further characterize the elicited T‐cell responses in our study and their contribution to the observed antiviral effects.

We did not detect any anti‐WHsAg antibodies throughout the study. This observation may partly explain the viral and antigen rebound after the cessation of treatment. In line with our data, in a previous combination study with ETV and a retinoic acid‐inducible gene I agonist (SB 9200), mainly an activator of innate immunity and IFN‐α/β pathways, serum WHsAg levels were transiently reduced by 3.3 log~10~ but antibodies against WHsAg were not detected.^(^ [^44^](#hep41502-bib-0044){ref-type="ref"} ^)^ Because lowering the WHsAg levels did not result in detection of antibodies, we can rule out the possibility that antibodies are not detected in chronically WHV‐infected woodchucks because they are in WHsAg/anti‐WHsAg complexes, as has been reported for HBV in patients with CHB.^(^ [^46^](#hep41502-bib-0046){ref-type="ref"} ^)^ Consistent with this observation, recent studies have suggested that circulating and intrahepatic antiviral B cells in patients with chronic HBV infection are also defective.^(^ [^46^](#hep41502-bib-0046){ref-type="ref"}, [^47^](#hep41502-bib-0047){ref-type="ref"} ^)^ HBsAg‐specific and global B cells in CHB were enriched with CD21‐ and CD27‐positive atypical memory B cells that had high expression of inhibitory receptors. In addition, in chronic LCMV infection, early loss of virus‐specific B cells is shown to be dependent on IFN‐α/β signaling.^(^ [^48^](#hep41502-bib-0048){ref-type="ref"} ^)^ Thus, treatment with systemic IFN‐α may not be an effective strategy to restore the function of atypical memory B cells in CHB. Supporting this, woodchuck studies that have shown a high rate of seroconversion are limited to those that used therapeutic agents that directly activate B cells, such as toll‐like receptor 7 agonists or a therapeutic vaccine containing a combination therapy that was designed to generate profound humoral responses.^(^ [^19^](#hep41502-bib-0019){ref-type="ref"}, [^20^](#hep41502-bib-0020){ref-type="ref"}, [^26^](#hep41502-bib-0026){ref-type="ref"} ^)^

Our data suggest there is potential value in combining multiple therapeutic strategies in order to control viral infection. Therapeutic strategies that directly reduce viral antigen levels may be needed to partially reverse the decline in virus‐specific T‐cell responses. However, these strategies may also need to be complemented with emerging immunomodulatory approaches that directly boost the numbers and functions of virus‐specific T cells and B cells. Indeed, multiple groups have shown that therapeutic approaches, such as immune checkpoint receptor blockade, can be exploited to improve the responses of both HBV‐specific T cells and B cells.^(^ [^46^](#hep41502-bib-0046){ref-type="ref"}, [^47^](#hep41502-bib-0047){ref-type="ref"}, [^49^](#hep41502-bib-0049){ref-type="ref"} ^)^ A study in the woodchuck model that included a combination of nucleoside treatment, therapeutic vaccination to generate *de novo* antiviral immune responses, and programmed death‐ligand 1 blockade potently suppressed WHV replication, improved virus‐specific T‐cell responses, and induced anti‐WHsAg antibodies, leading to complete viral clearance in one of three animals.^(^ [^26^](#hep41502-bib-0026){ref-type="ref"} ^)^ Thus, future combination strategies may need to include molecules that lower HBsAg and immunomodulatory approaches that can induce profound virus‐specific T‐cell and B‐cell responses. Together, these approaches may be able to control viral infection, leading to a functional cure.
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